Early patterning and polarity of mammalian embryos are fundamental and important in developmental biology. The early mammalian embryos have been thought to be highly regulative and many embryologists assume that there is no prepatterning during early development. [1] [2] [3] However, recent studies have proposed that factors in early patterning such as pronuclei, 4 zona pellucida (ZP), 5 second polar body (2PB), 6 the first, and second two cleavages, [7] [8] [9] are associated with the polarity axis in several ways, but some of these findings are not consistent with each other. Whether these factors play decisive roles in the establishment of the polarity has yet to be defined.
The controversies not only arise from the remarkable regulating capacity of embryos, but also from experimental methods used in the related investigations. Most of the studies involved dye-labeling techniques. Though some groups claimed that their labeling did not affect the normal development, 4, 6, 9 this does not exclude the possibilities of latent disturbances to the normal processes. On the other hand, most of the current findings are based on 2D imaging methods, such as conventional microscope and differential interference contrast microscopy. [5] [6] [7] [8] In such investigations, spatial localizations of related factors can only be qualitatively analyzed but not correctly quantified. Also, most embryos are not well oriented; 4 their relative positions are often a puzzle to observers. To solve the problem, a few groups utilized 3D imaging techniques such as confocal laser scanning microscopy and multi-photon excitation laser scanning microscopy, 5, 9, 10 but they all required sample preprocessing and dye labeling. Furthermore, when using these systems, optical damage to the sample is not ignorable, as the optical power density is as high as 10 6 to 10 9 W∕cm 2 . 11 Therefore, label-free 3D imaging techniques with low optical dose are in high demand in the study of early patterning and polarity.
As an extension of optical coherence tomography (OCT), FF-OCT is an emerging technology for submicron-scale label-free 3D imaging.
12-14 FF-OCT detects back-scattered light rather than fluorescence, requiring no labeling nor preprocessing. Equipped with broad-band light source and high N.A. microscope objectives, FF-OCT is capable of achieving 3D images with subcellular resolution in both longitudinal and transverse directions. Furthermore, the entire field of view is uniformly illuminated with the average optical power density only of 10 −1 W∕cm 2 , about 7 to 10 orders of magnitude lower than confocal imaging. Therefore, the sample receives much less optical dose, which is favorable for long-time and live observation. These unique characteristics make FF-OCT a powerful imaging methodology in biomedical studies. [15] [16] [17] [18] [19] The potential of OCT in developmental biology has been successfully demonstrated using different animals including Xenopus laevis, 20 Brachydanio rerio, 21 embryonic avian heart, 22,23 mouse, and rat. 24, 25 However, until now there have been no related live studies with mammalian embryos at the very beginning of their embryonic lives, which are important for understanding early patterning and polarity. This is because that the incubating condition and low optical dose requirement of the mammalian embryos during the first 3 to 4 days of embryonic life is critical for live imaging. Furthermore, imaging of the mammalian preimplantation embryos, which is relatively small in size, is technically more challenging.
In this paper, FF-OCT was applied to image early patterning and polarity of preimplantation mouse live embryos and obtain label-free 3D subcellular structural images at various typical preimplantation stages, including zygote, two-cell, four-cell, and blastocyst stages.
The schematic of FF-OCT setup is shown in Fig. 1(a) . It was based on Linnik interference microscope with a tungstenhalogen lamp. The optical power was 0.5 mW, corresponding to an optical power density of 0.2 W∕cm 2 . The interferograms were digitized by a charge-coupled device (CCD) camera (IMPERX, MDC-1004, 1004 × 1004 pixels, 48 Hz). Two identical water-immersion microscope objectives (Nikon 20×, 0.5 N.A.) were utilized in both arms, achieving a transverse resolution of 0.7 μm. The central wavelength of the light source was 600 nm and the spectral bandwidth 180 nm, corresponding to a depth resolution of 0.7 μm in water. A polished YAG crystal was placed in the reference arm and attached to a piezoelectric transducer (PZT). PZT was used to extract enface tomographic signals of the sample. 12 A motorized translation stage was placed in the sample arm to get a 3D volumetric image. To keep the embryos alive for live imaging, we integrated a customdesigned incubator on the translation stage providing 37°C, 5% CO 2 . 3D reconstruction and the segmentation were performed with commercial software platform 3Dmed 3.0 and Amira 5.2.0.
As the mouse is an excellent model to investigate early patterning and polarity of mammalian development, wild-type eight-week-old female ICR/CD1 mice (Laboratory Animal Facility, Tsinghua University, China) were used in our studies. Females were mated overnight with males and examined for vaginal plugs. The presence of a plug was taken as embryonic day 0.5 (E0.5 for short). Zygote, two-cell, four-cell, and blastocyst stage embryos were obtained at E0.5, early E1.5, late E1.5, and E3.5, respectively. Embryos were imaged in a droplet of human tubal fluid medium with 20% FBS (Hyclone, USA). For each embryo, about 70 optical slices were needed with a step of 1.2 μm. Using two phase-shifting modulation 12 and averaging 30 images at the same depth, the total acquisition time for each embryo was about 90 s, with an imaging rate of 24 fps. Figure 1(b) shows 3D reconstruction of a zygote stage (E0.5) embryo, and the cross-section view in Fig. 1(c) . Besides ZP, zygote, and 2PB, three relatively dark areas (DA1, DA2, and DA3) are also clearly visible. Two of them lie in the zygote and the third in the 2PB. 3D reconstruction of three dark areas segmented from the image stack is shown in Fig. 1(d) . By the size, shape, and location, the dark areas were ascertained to be the nuclei. To confirm this, DNAs of the same embryo were stained with Hoechst 33342 and scanned with two-photon laser scanning microscopy (TPLSM). Figure 1(e) shows 3D reconstruction of three nuclei [from left to right, three nuclei are the nucleus of the 2PB (2PBN), female pronucleus (FPN), and male pronucleus (MPN), respectively]. 26 Owing to TPLSM's capability of 3D quantitative measurement, a triangle, whose vertices are fluorescence centers of three nuclei, was characterized. The lengths of three sides were 19.1, 44.4 and 26.0 μm, respectively, shown in Fig. 1(e) . In comparison, a similar triangle was also measured with FF-OCT. Its vertices were 3D geometry centers of the three dark areas in FF-OCT image, shown in Fig. 1(d) . The corresponding side lengths of the triangle were measured to be 19.1, 44.0, and 25.7 μm, perfectly coincident with the TPLSM's measurements with an accuracy of FF-OCT resolution. Furthermore, FF-OCT image gave essentially the same volumes of three dark areas as those of corresponding nuclei in TPLSM image. Therefore, we may affirm that the dark areas in the FF-OCT image are no other than the nuclei. On the other hand, chromatin is structurally loose during interphase, and its size is far below the wavelength of light. Therefore, the nucleus, whose main part is chromatin, has a low level of scattering signal and shows relatively dark in FF-OCT image. As different organelles have different scattering coefficients and thus give different grey-level signals, FF-OCT is also a functional imaging technique capable of distinguishing functional areas in a cell without any dye labeling. Figure 2 (a) shows a two-cell stage (early E1.5) embryo imaged by a conventional 2D microscope whose first cleavage plane, 2PB, and Blastomere 2 (BM2) do not clearly appear in the observation plane. However, FF-OCT can give a 3D digital dataset of an embryo. By some quantitative rotational operation to the 3D dataset, one can readily observe all the major structural information of two-cell embryo. The same embryo is shown in Fig. 2(b) with its ZP, 2PB, BM1, BM2, and the first cleavage plane clearly displayed. Therefore, no matter how the embryo orients in the observation plane, by FF-OCT imaging and image processing, one can make full use of all the sample embryos, without any exclusion of sample embryo due to improper orientation.
3D reconstruction of a four-cell stage (late E1.5) embryo is shown in Fig. 2(c) and 2(d) . There are a total of six planes where cells contact with each other in this tetrahedral-shaped embryo. All six planes are able to be revealed at different angles of view, and one pair of them is shown in Fig. 2(c) and 2(d) . The angle between these two planes is measured to be 87 deg, which is significant for normal embryonic development, because second two divisions have already decided the fates of blastomeres and the angle may be one of the reasons for this. [7] [8] [9] Other parameters such as spatial locations, relative distances, and volumes of four blastomeres can also be precisely measured using the 3D dataset obtained with FF-OCT.
3D reconstruction of a blastocyst stage (E3.5) embryo is shown in Fig. 2(e) , and the cross-section view in Fig. 2(f) . The 3D view of the same embryo at different angles is demonstrated in Video 1. Besides blastocoele, the structure of inner cell mass (ICM), which is biologically defined as the mass of cells inside a blastocyst, and trophoblast, biologically defined as the cells forming the outer layer of a blastocyst, are also clearly visible. The segmented nuclei of ICM and trophoblast are shown in Fig. 2(g) . The spatial locations of cells can be measured by calculating every center of the dark areas. The embryonicabembryonic axis in Fig. 2(g) is then characterized by the line that contains the geometry centers of the whole blastocyst (marked with O) and inner cells (O′). Incorrect positioning of polarity axis due to the limitation of the traditional measurement may be one of the possible causes for the controversies in understanding early development, while accurate measurement of polarity axis with FF-OCT in this way is more reliable and may be the key to clarify them.
In conclusion, FF-OCT, as a label-free 3D imaging technique, is demonstrated to image the mouse live embryos at various typical preimplantation stages with a spatial resolution of 0.7 μm and imaging rate of 24 fps. Factors that relate to early patterning and polarity such as pronuclei, ZP, 2PB, cleavage planes, and blastocyst axis are quantitatively measured. The angle between the two second cleavage planes is accurately measured to be 87 deg. FF-OCT offers a powerful methodology for the study of early patterning, polarity formation, and many other preimplantation-related research in the mammalian developmental biology.
